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Abstract 
Molybdenum isotope fractionation accompanying soil development is studied across 
three pedogenic gradients encompassing a range of controlling factors. These factors include 
variable redox conditions, organic matter content, Fe and Mn oxy(hydr)oxide content, mineral 
composition, degree of weathering, pH, type and amount of atmospheric inputs, age, climate, and 
underlying rock type.  Soil profiles from the island of Maui (Hawaii) along a precipitation 
gradient ranging from 850 to 5050 mm mean annual precipitation show a decrease in average 
soil 98Mo from -0.04±0.11‰ at the driest, most oxic site, which is indistinguishable from the 
basalt parent material (-0.09±0.08‰), to -0.33±0.10‰ at the wettest, most reducing site. A suite 
of 6 Icelandic soils display a broad trend with heavier 98Mo values (up to +1.50±0.09‰) in soil 
horizons that are more weathered and have higher organic matter content.  Selective extractions 
of Mo from different soil components indicate that the association with organic matter and 
silicate or Ti-oxide residue dominates retention of Mo in these soils, with adsorption on Fe and 
Mn oxy(hydr)oxides playing a lesser role.  Across all basaltic soils, 98Mo values are lighter in 
soils that exhibit the most net Mo loss relative to the parent material, and 98Mo values are 
heavier in soils that exhibit net Mo gains.  A well-drained regolith profile in the Luquillo 
Mountains of Puerto Rico developed on quartz diorite shows heavier 98Mo values than the 
parent material (up to +0.71±0.10‰ with an integrated profile average of +0.28±0.10‰) in soil 
and shallower saprolite, despite overall moderate loss of 28% of Mo relative to the bedrock. 
However, the deeper saprolite is unfractionated from bedrock (-0.01±0.10‰, quartz diorite 
bedrock) indicating that rock weathering dissolution processes and secondary clay formation do 
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not fractionate Mo isotopes.  Our data suggest that the Mo mass balance and isotope composition 
of soils are controlled by redox conditions, organic matter, and atmospheric inputs. In this way 
Mo isotopes have the potential to react to and record climate driven changes in the weathering 
environment. The presence of both isotopically light and heavy Mo (relative to parent material) 
across all sites and within individual soil profiles suggests that it is normal for multiple 
fractionation mechanisms to operate under the open-system conditions of soils.  
 
1. Introduction 
Molybdenum (Mo) is an essential biological micronutrient and a redox sensitive trace 
metal. As such, the role of Mo as a nutrient has important implications for terrestrial ecology 
because of its function in regulating nitrogen fixation. In sediments, Mo concentrations and 
isotopic compositions are used to quantify redox conditions in marine environments, both 
modern and throughout Earth history (e.g. Arnold et al., 2004; Siebert et al., 2005; Poulson et al., 
2006; Siebert et al., 2006; Neubert et al., 2008; Pearce et al., 2008; Wille et al., 2008; Gordon et 
al., 2009).  However, a prerequisite for a reliable interpretation of the Mo records in ancient 
marine sediments as proxies of the paleo-oxygenation status of the oceans is knowledge of the 
flux and isotopic composition of riverine water delivered from continents to oceans and the 
processes that control these fluxes (Barling et al., 2001; Siebert et al., 2003).  In some cases, the 
dissolved Mo isotope composition in rivers appears to directly reflect the Mo isotope 
composition of the catchment lithology (Neubert et al., 2011), but elsewhere, there is evidence 
for isotopic fractionation (Archer and Vance, 2008; Pearce et al., 2010; Scheiderich et al., 2010).  
Riverine isotope signatures only hint at potential terrestrial processes that may control 
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Mo elemental and isotopic behavior in weathering environments. An analysis of dissolved Mo in 
rivers representing 22% of global water discharge to the oceans found a discharge-weighted 
mean 98Mo of 0.7‰, and a range from 0.15‰ to 2.40‰ (Archer and Vance, 2008). This is 
heavy compared to silicate rocks, which have a typical range of approximately 0.0 to +0.4‰ 
(Siebert et al., 2003; Greber et al., 2014; Voegelin et al., 2014). Individual river samples 
displayed a general trend of higher 98Mo associated with lower Mo concentrations.  A separate 
study of dissolved Mo in small catchment streams in Switzerland and India paired with bedrock 
analysis found that 98Mo values of sedimentary rocks can be much heavier than the previously 
determined range of silicate continental rocks (Neubert et al., 2011). In these catchments heavy 
dissolved 98Mo in rivers may simply directly reflect heavier sources (presumably preferential 
dissolution of trace sulfides) as opposed to fractionation during weathering or other soil 
processes.  Nearly all river Mo isotope data published to date are restricted to dissolved Mo.  
Little is known about the Mo isotope signatures of the suspended load and their contribution to 
the overall Mo isotope signal of rivers.  
Molybdenum isotope fractionation associated with chemical weathering has been studied 
using laboratory bulk rock leaching experiments for both igneous rocks and shale. These 
experiments suggest that the dissolved Mo preferentially released during incongruent weathering 
is isotopically heavy, consistent with heavy riverine Mo isotope data (Liermann et al., 2011; 
Voegelin et al., 2012).  However, aside from a single soil data point (Voegelin et al., 2012), the 
various processes that may govern soil Mo isotope signatures have not been studied.   
Understanding the behavior of Mo isotopes in soil first requires an understanding of Mo 
behavior and speciation in this environment.  During primary mineral formation in basaltic and 
granitic igneous rocks, Mo is incorporated into dominant primary mineral phases, volcanic glass, 
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and also in minerals containing Ti and Fe, such as ilmenite, titano-magnetite, and sphene 
(Manheim and Landergren, 1978; Arnorsson and Oskarsson, 2007).  Concentrations of Mo in 
soil vary substantially (0.01 to 17 µg g
-1
) with an average of 1.8 µg g
-1
, but patterns in Mo 
abundance or leaching from soils have not been broadly studied (Kabata-Pendais, 2011).  The 
dominant dissolved species of Mo in oxygenated soil solutions is the highly soluble molybdate 
anion (MoO4
2-
, Mo in +6 oxidation state), with molybdic acid (H2MoO4
0
) and its oxyanion 
(HMoO4
-
) increasingly present at lower pH (Alloway, 2013).   
Molybdenum soil geochemistry is thought to be dominated by adsorption processes at the 
solid-water interface and by ionic competition for binding sites (e.g. Wu et al., 2000).  
Laboratory studies show that Mo adsorption to crystalline and poorly crystalline Al and Fe 
oxides, as well as clays, is greater at low pH extending to a pH range of 4 to 5, with a rapid 
decrease in adsorption above a pH of 5 and very little at pH 7 (Goldberg et al., 1996).  This 
agrees with agricultural field studies showing that calcium carbonate application (liming) 
increases soil Mo bioavailability (Gupta, 1997). Some organic substances have an affinity for 
Mo (Wichard et al., 2009; Kabata-Pendais, 2011) and, consistent with this finding, some humus-
rich soils appear to accumulate Mo (McBride, 1994).  Precipitation of Mo from the aqueous 
phase in soils is assumed to play a minor role in most soils (Gupta, 1997).  However, in aquatic 
environments under sulfidic conditions, Mo is removed from the aqueous phase when MoO4
2
 
forms Mo-S compounds with Mo in +4 or +5 oxidation state (e.g. Dahl et al., 2013).   
Specific mechanisms that may cause fractionation of Mo isotopes in weathering and soil 
environments include changes in coordination from tetrahedral to octahedral, kinetic effects 
during metal-ligand bond dissociation, ion specific diffusion rate differences, and equilibrium 
effects due to varying bond strengths between metal complexes (Malinovsky et al., 2007a; 
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Goldberg et al., 2009; Kashiwabara et al., 2009).  Experimental work on Mo adsorption on Mn 
and Fe oxyhydroxides, as well as observations in nature, point to the preferential adsorption of 
light isotopes (Siebert et al., 2003; Barling and Anbar, 2004; Malinovsky et al., 2007b; 
Wasylenki et al., 2008; Liermann et al., 2011; Goldberg et al., 2012).  The molybdate oxyanion 
adsorbs to the solid phase through an inner sphere bond (ligand-exchange) (Goldberg et al., 
1996; Fontes and Coelho, 2005), possibly accompanied by a coordination change from 
tetrahedral to octahedral (Bibak and Borggard, 1994; Kashiwabara et al., 2009). Adsorption of 
light Mo would leave soil porewater heavy in 98Mo, which is in agreement with measured river 
water being heavy in 98Mo (Archer and Vance, 2008; Pearce et al., 2010; Scheiderich et al., 
2010; Neubert et al., 2011).   
The aim of this study is to investigate Mo isotope fractionation associated with the major 
soil-forming (pedogenic) processes. We measure 98Mo in soils, selective soil chemical extracts, 
and parent material.  In particular, this study investigates the influence of each of the following 
six factors on soil Mo isotopes:.(1) primary mineral dissolution and incongruent weathering, (2) 
secondary clay mineral formation, (3) Fe and Mn oxyhydroxides, (4) soil organic matter and 
redox, (5) biological cycling, and (6) atmospheric inputs. 
We have chosen well-characterized basaltic and granitic sites in Maui, Iceland, and 
Puerto Rico, all of which have simple underlying mono-lithologic geology and minimal 
anthropogenic effects.  The suite of sites was carefully chosen to represent a wide range in soil 
age, mineralogy, degree of weathering, hydrology, and climate.  The sites also represent 
environments that contribute disproportionately large chemical weathering fluxes globally. To 
assess controls on Mo isotope compositions, we simultaneously analyzed Mo mobility from each 
profile relative to parent material weathering inputs, along with Fe, Ti, and Mn mobility, and 
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other soil properties such as allophane content, C content, and overall weathering status.  
Combining soil 98Mo along with complimentary soil characterization and Mo mobility analysis 
from these sites provides a foundation for understanding the behavior of Mo in the weathering 
environment, as well as understanding terrestrial Mo fluxes. 
 
2. Study sites 
2.1. Hawaii Site Description  
Hawaii is an ideal setting for soil weathering research; it is often described as a “natural 
laboratory” due to its relatively uniform bedrock, geographic isolation from external 
contaminants, and large range in climate and age (e.g. Chadwick et al., 1999). Same-age lava 
flows can be followed downslope through different climate regimes, while constant-elevation 
transects can cross multiple age lava flows within the same climate regime.  The ability to isolate 
and examine the effects of specific soil controlling variables has made Hawaii the focus of many 
soil development studies (e.g. Chadwick et al., 2003; Chorover et al., 2004; Ziegler et al., 2005).  
This study centers on a soil climate gradient on the ~410 ka old shield-building Kula lava 
flows and ash located on the northwest slope of the volcano Haleakala on the island of Maui 
(Miller et al., 2001; Schuur et al., 2001; Scribner et al., 2006).  Because the low slope and the 
stability of the remnant shield surfaces minimizes erosion, these soils are considered to represent 
100’s of ka timescales of pedogenesis, similar to the age of the underlying basalt. These sites 
have also been the focus of a study that found Rayleigh fractionation of Fe isotopes with 
increasing removal of Fe via reductive dissolution at lower redox conditions (Thompson et al., 
2007).  Along the Maui soil climate gradient, the basaltic parent material composition and age, 
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topographic slope, and vegetation are roughly constant, while precipitation acts as the dominant 
variable controlling changes in soil development. Soil elevation is ~1300 m, slopes are < 5%, 
and soil temperature is ~16C, while mean annual precipitation (MAP) varies from 850 mm to 
5050 mm (Schuur et al., 2001).  The gradient consists of 8 sites; three of these (Sites 0, 2 and 6) 
are the primary focus of our Mo isotope analyses. The soil at site 0 is an Andisol with 850 mm 
yr
-1
 MAP, and the soils at sites 2 and 6 are Inceptisols with 2450 and 5050 mm yr
-1
 MAP, 
respectively (Table 1) (Soil Survey Staff, 2014). Based on analysis of paleoclimates at various 
locations on the Hawaiian Islands and particularly along climate gradients, the precipitation 
levels and differences among sites throughout the Holocene were probably similar to present day 
(Hotchkiss et al., 2000; Chadwick et al., 2003). The Maui sites 1-6 have undisturbed native forest 
dominated by a single tree species, Metrosideros polymorpha; at the two driest sites, 0 and 1/2, 
the forest was recently cleared and currently supports pasture grasses such as Pennistem 
clandestinum. A more detailed description of these sites is provided in Schuur et al. (2001) and 
Miller et al. (2001). 
The Maui soil climate gradient is one of the most well characterized soil redox gradients 
in the world.  Schuur et al. (2001) determined the redox potential (Eh) of the 6 wettest (sites 1 
through 6) soil profiles on the Maui climate gradient at 3 depths per site (15 cm, 35 cm, and 50 
cm), using 10 replicates per depth per site, using monthly measurements for 1 full year.   The 
transition from predominately aerobic to predominately anaerobic (frequently waterlogged) 
conditions is accompanied by a shift in soil mineralogy and chemistry.  At the drier sites (sites 0 
to 3), soils contain abundant secondary Fe(III) minerals.  Between sites 3 and 4 a redox threshold 
is observed and at sites 4 to 6, frequent periods of suboxic conditions lead to dissolution and loss 
of Fe via reductive dissolution of Fe oxyhydroxides (Chadwick and Chorover, 2001; Miller et 
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al., 2001).  In contrast, the soil C content increases due to suppressed decomposition of organic 
matter in reducing soils, from ~ 85 g kg
-1
 at the dry end to 185 g kg
-1
 at the wet end of the soil 
gradient (Schuur et al., 2001). Soil pH ranges from 3.6 to 4.2 across the Maui soils but is not 
correlated with rainfall (Schuur et al., 2001).  No major basaltic primary minerals remain, and Ti 
oxides are a significant component in Maui soils, having been concentrated to as much as 30% 
TiO2 by weight by residual enrichment (Scribner et al., 2006). 
 
2.2. Iceland Site Description  
The Icelandic soil profiles are lowland Icelandic soils located in an oceanic boreal 
climate in the southwest of Iceland. The mean annual precipitation is 1017 mm yr
-1
 and mean 
annual temperature is 4.7 °C, with a seasonal variability of 15 °C (station Hvanneyri, 1999-2010; 
Iceland Meterological Office, IMO). The maritime winter climate of Iceland means that these 
soils are subjected to extensive freeze-thaw cycles relative to other subarctic regions (Orradottir 
et al., 2008). 
Six soil profiles with minimal anthropogenic influence representing common Icelandic 
soil types were investigated, covering a range of drainage conditions, eolian ash input rates, and 
degrees of weathering (Arnalds, 2004). These soils have previously been the subject of studies of 
both weathering processes, nutrient cycling, secondary mineral development, and of Li, Mg, and 
Si isotope fractionation during weathering (Pogge von Strandmann et al., 2008; Sigfusson et al., 
2008; Guicharnaud, 2009; Pogge von Strandmann et al., 2012; Opfergelt et al., 2014).  All 
profiles are located in flat topography and have 0° slope angles.  The soils are categorized as 
follows: Vitric Andosol, Haplic Andosol, Gleyic Andosol, Histic Andosol (2 profiles) and 
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Histosol, following World Reference Base soil classification (IUSS Working Group WRB, 
2014). The Vitric Andosol (V) is a coarse-grained very well drained soil with high content of 
relatively unweathered volcanic ash and low content of organic matter.  Vegetation is limited on 
the V soil due to lack of water retention and nitrogen availability.  The Haplic Andosol (A) is a 
freely draining soil with abundant allophane and oxalate-extractable Fe, with visible tephra 
layers in the soil profile.  The Gleyic Andosol (GA) is similar to the Haplic Andosol but is 
somewhat poorly drained, with visible gleying.  The two Histic Andosol profiles (HA I and HA) 
have high organic matter content as well as abundant allophane and oxalate-extractable Fe.  The 
Histosol (H) has greater than 20% C, poor water drainage, and has experienced less eolian input 
relative to the other Icelandic profiles. The vegetation ranges from sparse (Vitric Andosol) to 
lush grass (all others). The texture of most soils is silt and silt loam with sand and gravel present 
in the Vitric Andosol and Gleyic Andosol.  
The HA, H, and A profiles are located within the Borgarfjördur catchment, which drains 
melt water from the Langjökull glacier. The catchment also includes several non-glacial 
tributaries and the estuary. The GA profile is located within an Agricultural University of Iceland 
experimental site just north of Reykjavik. The underlying bedrock is tholeiitic basalt of Tertiary 
age (Haroarson et al., 2008), but the soils are developed from tephra on top of 10 ka glacial till, 
and the other Icelandic soils studied here likely have similar ~10 ka timescales of pedogenesis 
dating to the last glacial (Sigfusson et al., 2008).  The soils develop downward into the tephra at 
a rate of approximately 0.4 mm yr
-1
, but also build upward based on ongoing volcanic ash inputs, 
resulting in simultaneous congruent dissolution of basaltic glass at the surface and secondary 
mineral formation in deeper horizons (Sigfusson et al., 2008). The HA, H, A and GA soils 
receive low influx of volcanic ash of ~0.1 mm yr
-1
 (Sigfusson et al., 2008), but the V soil, 
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located south of Langjökull in southwest Iceland receives higher ash inputs of ~2 mm yr
-1
 
(Arnalds, 2004).  Profile HA I is located at Klafastadir in Hvalfjordur, Western Iceland, south of 
the Borgarfjördur Catchment area. The profile is just 200 m inland from the fjord.  The profile 
includes an identifiable ash layer, “The Landnam layer”, ~1 cm thick, (from the 870s AD) at 50 
cm depth.  Location maps for Iceland soils studied here are shown in Opfergelt et al. (2014).  
 
2.3. Puerto Rico Site Description  
In Puerto Rico, soil and saprolite were sampled from the LG1 Guaba ridgetop site within 
the Rio Icacos watershed, a site previously established by White et al. (1998).  The watershed, 
covered by lower montane wet forest, has a mean annual temperature of 22°C and a mean annual 
rainfall of 4235 mm with little seasonal variation.  The Rio Icacos watershed has been the subject 
of numerous soil geomorphology and weathering studies that indicate that the surface soil has 
experienced ~120 ka of pedogenesis (e.g. Brown et al., 1998; Stonestrom et al., 1998; White et 
al., 1998; Riebe et al., 2003; Pett-Ridge et al., 2009b).  The LG1 site is underlain by the Rio 
Blanco stock, an early Tertiary quartz diorite pluton.  The coarse to medium-grained quartz 
diorite is dominated by plagioclase and quartz, with lesser amounts of biotite and hornblende, 
<1% K-feldspar and chlorite, and accessory magnetite, sphene, apatite, and zircon. The regolith 
consists of a ~1 m thick bioturbated soil underlain by ~7 m of saprolite which retains the original 
bedrock texture.  The soil consists of approximately 50% quartz, 15% altered biotite, 30% 
kaolinite, ~3% goethite and low organic matter content, while the saprolite is dominated by 
kaolinite (~60%) and quartz (~25%), and contains a small amount of primary plagioclase below 
5 m depth (Pett-Ridge et al., 2009b).  Selected soil physiographic properties for all soils are 
shown in Table 1. 
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3. Methods 
In Hawaii and Iceland, soils were sampled by genetic horizon from soil pits down to ~1 
meter depth or bedrock. In Puerto Rico, soil and saprolite were hand-augered in depth intervals 
to the saprolite- bedrock interface at ~850 cm.  Samples of fresh parent material (n=5, n=6, and 
n=1 respectively for Maui, Iceland, and Puerto Rico) were sampled from nearby outcrops. In 
Maui, samples of first year foliage from the dominant Metrosideros polymorpha trees were 
sampled. Soil samples were oven-dried overnight at 105ºC, sieved at 2 mm, and ground in a 
boron-carbide or agate mortar and pestle to homogeneity. Bulk soil samples were ashed at 700° 
C overnight to remove organic matter and oxidize the sample. Digestion of ashed bulk soils was 
accomplished using a 1:3 HF-HNO3 acid mix on a hot plate or in an Anton Paar microwave 
oven.  Elemental concentrations including Nb and Zr were measured by ICP-MS.  Molybdenum 
concentrations were determined together with isotopic compositions using MC-ICP-MS (Siebert 
et al., 2001).  Soil properties including cation exchange capacity were determined on unashed 
soils (Page et al., 1982). A more detailed description of methods for the determination of basic 
soil properties for the Icelandic soils can be found in Opfergelt et al. (2014), for the Hawaiian 
soils in Miller et al. (2001) and Schuur et al. (2001), and for the Puerto Rico regolith in Pett-
Ridge et al. (2009b). 
 Bulk soil Mo isotope composition represents the average of a mixture of potentially 
different isotopic signatures among multiple pools of Mo in soil such as Mo adsorbed to Fe and 
Mn oxyhydroxides, organically bound Mo, and Mo incorporated into silicate minerals or other 
chemically resistant phases such as Ti oxides.  To assess potential mechanisms driving Mo 
isotope fractionation in soils we used selective extractions to chemically approximate the Mo 
  
 13 
isotope signature associated with each of these phases individually. Several operationally defined 
components were separated in sequence using the unashed fine earth (<2 mm) fraction of soil 
samples from selected profiles: the Histic Andosol I, Histosol, Haplic Andosol, and Vitric 
Andosol in Iceland (HA I, H, A, and V) covering the most weathered to the most unweathered 
Iceland soils, as well as the driest (site 0) and the wettest (site 6) Maui soils.  First, 0.5M HCl 
was used to target Mo that is water soluble, acid-soluble, and exchangeable as well as Mo 
associated with poorly-crystalline Fe-oxyhydroxides (Wiederhold et al., 2007). Second, Mo 
associated with moderately reducible sesquioxides was extracted with NH2OH-HCl in 1M HCl 
(Wiederhold et al., 2007). Compared to the citrate-dithionite method, the NH2OH-HCl extraction 
has lower trace metal contamination, is less subject to secondary precipitation reactions that 
could affect the isotope data, and also is known to be effective in extracting Fe-oxides from Fe-
rich Hawaiian soils (Pett-Ridge et al., 2007).  The third extraction used 30% H2O2 in 0.02 M 
HNO3 (to prevent readsorption of metals) to extract Mo associated with the oxidizable fraction 
(organic matter). Finally, the residue, mainly silicates and Ti-oxide phases, was completely 
digested in a HF-HNO3 mixture. Extractions were performed on 0.4 g of sieved (<2 mm) and 
homogenized sample material. All reactions were performed using 8 mL of solution and 
suspensions were shaken by hand every hour. The 0.5 M HCl extraction step was performed at 
room temperature (21C) for 12 hours. The hydroxylamine and H2O2 extraction steps were 
executed using one addition of reagent at 85C for 4 hours and 16 hours, respectively. Between 
each step, samples were centrifuged (3400 rpm for 15 min) and supernatant was decanted and 
subsequently filtered using 0.2 µm syringe top filters. Total digestion of the residue was 
achieved using 6 mL of HF and 2 mL of HNO3 in closed beakers at 140C overnight.   
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Selective extractions are operationally defined and interpretation of the results can be 
problematic.  Furthermore, care must be taken when interpreting isotope results because the 
extraction procedure itself might induce fractionation. The extraction methods employed in this 
study were chosen based on previous experiments that showed no Fe isotope fractionation during 
stepwise dissolution of Fe oxyhydroxides using 0.5 M HCl (Skulan et al., 2002; Wiederhold et 
al., 2006).  We also employed commonly used extraction techniques for metal partitioning in soil 
in the case of H2O2 in acidic solution for the oxidizable organic matter fraction, and HF-HNO3 
for the residue.  Both the oxidizable and residue extractions are designed to completely dissolve 
the target phases, which should minimize the possibility for extraction-induced fractionation.  In 
addition, the low pH at which all these extractions were performed should prevent most 
secondary precipitation reactions and associated fractionation artifacts and should also minimize 
fractionation in solution because it favors dissolved octahedral Mo, the same form that adsorbs 
on Fe-Ti oxide surfaces (Voegelin et al., 2012), which reduces the possibility of fractionation 
associated with coordination changes. 
For Mo isotope measurements, samples were spiked with a 
97
Mo and 
100
Mo double 
isotope spike (Siebert et al., 2001).  The Mo double spike was added before digestion of bulk soil 
samples. Complete homogenization of the sample and spike Mo was assured by an oxidation 
step after digestion (concentrated HNO3 and H2O2). Samples for sequential extractions were 
double spiked after extraction and determination of the Mo content of the samples by ICP-MS. 
Mo separation chemistry follows the procedures described in Neubert et al. (2011) and 
Wasylenki et al. (2008). Because of the highly complex matrix of soil samples, anion and cation 
exchange chemistry were repeated multiple times until complete separation of Mo from the 
sample matrix was achieved. In addition, oxidation steps were performed between ion exchange 
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chemistry steps. Molybdenum isotope measurements were performed on a Nu Plasma HR
®
 MC-
ICP-MS at the University of Oxford following the procedure of Siebert et al. (2001). By using a 
double spike, instrumental and laboratory mass dependent fractionation (after spiking) are 
resolved from natural mass dependent fractionation. Data are presented in the delta notation 
using the 
98
Mo/
95
Mo ratio (98Mo).  Isotope measurements are reported relative to an Alfa Aesar 
ICP standard solution (Specpure® #38791 (lot no. 011895D); for international comparison, we 
measure the 98Mo of our in-house standard solution 0.12‰ lighter than NIST SRM 3134 
(Greber et al., 2012; Goldberg et al., 2013; Nagler et al., 2014).  The external reproducibility of 
our in-house standard isotope values is at or below 0.1‰ (2 s.d.) for the 98Mo/95Mo ratio. Repeat 
measurement of USGS shale standard SDO-1 over the course of two years yielded a long-term 
reproducibility of 0.96 ± 0.12‰ (2s.d.; n=15 (5 individual digestions)). Repeat measurement of 
USGS basalt standard BHVO-2 over the course of two years yielded 0.12 ± 0.07‰ (2s.d.; n=37 
(26 individual digestions)). All soil sample solutions were analyzed twice and reproduced within 
0.08‰ (2s.d.). Repeated digestion and analysis of individual bulk soil samples of profiles H and 
GA yielded a reproducibility of <0.16‰ (2s.d.). Total procedure blanks were at or below 2 ng 
Mo. The anion resin used has been identified as main source of the observed Mo blank with little 
significant contribution from reagents used in digestions, column chemistry, and extractions.  
Molybdenum concentrations were calculated from spiked isotope measurements. USGS standard 
BHVO-2 yielded an average concentration of 3.7 g g-1, in good agreement with the value 
published by Li et al. ((2014); 3.9 g g-1).  
To quantify the net elemental loss or gain relative to the basalt parent material, we 
applied an open chemical system transport function “” (e.g. Chadwick et al., 1990; Anderson et 
al., 2002; Rasmussen et al., 2011).  Element concentrations are normalized to Nb, which has 
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been shown to be the least mobile index element for Hawaiian basalt-derived soils (Kurtz et al., 
2000).  The mass fraction of an element j added or lost from soil during weathering and soil 
formation is given relative to the mass of that element in the parent material and is calculated as: 
       
    
    
  
   
   
      
where C is the concentration of the element, s is the soil, p is the parent material and i is the least 
mobile element in this system.  Trace element data are not available for HA I and therefore no 
Mo calculations are available for that profile.  The Ca values are calculated as a measure of 
the overall weathering status of the soils, with more weathered soils having values closer to -1.  
Integrated soil profile  were calculated by summing the individual horizon values (h), each 
weighted by the product of horizon thickness (z) and density (). 
                        
Similarly, integrated soil profile 98Mo values were calculated by summing the individual 
horizon values, each weighted by the product of concentration (CMo), horizon thickness (z) and 
density (). 
                                
To examine controls on Mo mobility (Mo) in soils, correlations between  Mo and other 
soil properties were investigated using linear regressions with a significance defined at p<0.05.  
Specifically, we looked at relationships between Mo from individual soil horizons and mobility 
of other major soil elements ( Fe,  Mn,Ti ), %Corganic, ,Ca (an indication of degree of 
weathering), pH, oxalate or citrate-dithionite extractable Fe (Feox and Fed), and % allophane, 
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(Tables 2, 3, and 4) (Miller et al., 2001; Scribner et al., 2006; Pett-Ridge, 2007; Sigfusson et al., 
2008; Lugolobi et al., 2010; Opfergelt et al., 2014). Soil chemical data were tested for normality 
using the Shapiro-Wilk test; most of the data were found to be normally distributed and the 
remaining data were transformed prior to regression analysis.  
 
4. Results  
4.1. Concentration of total molybdenum in soil horizons and profiles 
Soil Mo concentrations for the Maui soil climate gradient range between 0.33 and 15.91 
g g-1, while 5 parent material basalt samples have an mean Mo concentration of 2.32 g g-1, and 
a range of 2.19 and 2.97 g g-1 (Table 2).  Icelandic soils have between 0.56 and 6.05 g g-1 Mo, 
compared to an average concentration of 1.40 g g-1 Mo in the basalt parent material (Table 3).  
Puerto Rico soils have less variability, with between 0.32 and 0.38 g g-1 Mo in the soil and 
saprolite, and 0.42 g g-1 Mo in the quartz diorite parent material (Table 4).   
 Results of  calculations are given in Tables 2, 3, and 4 for individual soil horizons, and 
mass-weighted integrated profile averages are given in Figure 1 and Table 6.  In the Maui 
climate gradient soils, horizons from the uppermost 30 cm of the soil profiles are known to be 
influenced by Asian dust additions, based on quartz abundances of approximately 5-20% 
(Scribner et al., 2006).  The Mo content and isotope signature of dust is unknown, and we 
therefore focus our efforts on understanding the influence of rock weathering processes on the 
lower horizons where the source of soil Mo is expected to be basalt parent material.  Excluding 
the dust-impacted surface horizons, the average Mo values vary from -0.21 at site 0, to +0.02 at 
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site 2, to -0.52 at site 6 (Table 6 and Figure 2 a, b, and c). Surface horizons at sites 1/2, 4, and 5 
have enrichment in Mo, while the three wettest sites (4, 5, and 6) have the greatest depletion of ~ 
-0.5 in subsurface B horizons.   Iceland soils exhibit a larger range in depth-integrated average  
Mo values (Table 6 and Figures 2 d, e, f, g, and h). The Haplic Andosol, the Gleyic Andosol and 
the Vitric Andosol have moderate losses of -0.46, -0.37 and -0.44, respectively. The Histosol 
shows no significant loss or gain and the Histic Andosol has a moderate gain of +0.19.  The 
Puerto Rico soil and saprolite depth-integrated profile average  Mo value is -0.28 (Table 6 and 
Figure 2i). 
No significant correlations between  Mo and either  Fe,  Mn, or  Ti were evident 
within any individual Maui soil profiles, with the one exception of a strong positive correlation at 
site 1/2 between both  Mo and  Fe (r2 = 0.95, p=0.0005, Electronic Annex Figure 4), and 
between  Mo and  Ti (r2 = 0.97, p=0.0001).  Within Maui soils,  Mo was not significantly 
correlated with soil % C or  Ca.  In most Maui soil profiles,  Mo was also not significantly 
correlated with Feox or Fed, with the exception of site 1/2, which showed a strong positive 
correlation with Fed (r
2
 = 0.87, p=0.004)  
Iceland soils show marked differences in soil properties between soil horizons with net 
loss of Mo and other soil horizons with net gain of Mo.  Within individual Iceland soil profiles, 
two soil profiles showed negative correlations between  Mo and allophane content, in other 
words more Mo gain in horizons with a lower allophane content (GA, r
2
 = 0.62, p=0.03; and HA, 
r
2
 = 0.55, p=0.03, Electronic Annex Figure 4).  Within the HA profile,  Mo and % organic C 
were positively correlated (r2=0.82, p=0.003), and across all Iceland soil samples together, a 
similar positive relationship is observed between  Mo and % organic C (Figure 4a). A negative 
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relationship between  Mo and  Ca  is observed, with more Mo gain in soils with lower  Ca 
values (i.e. more weathered soils) (Figure 4b).  No correlation between  Mo and either Fe, 
Mn or Ti was observed in the Icelandic soils. In the Puerto Rico soil and saprolite profile, no 
significant correlations were observed between  Mo and other soil properties.   
 
4.2. Molybdenum isotopes in soil horizons and profiles 
Bulk soil Mo isotope values for the three Maui profiles are similar to the parent material 
composition at site 0, but show differences in certain horizons at site 2 and site 6 from the parent 
material composition, with a range of 98Mo values between -0.41‰ and +0.25‰ (Table 5 and 
Figure 2 a, b, and c).  The average Maui basalt parent material 98Mo composition is -0.09‰ 
(±0.11‰ 2s.d., n=5). Bulk soil Mo isotope values for six Iceland soil profiles vary over a larger 
range, from -0.19‰ to +1.50‰ 98Mo, relative to the basalt parent material -0.03‰ 98Mo 
(±0.05‰ 2s.d. n=6) (Table 5 and Figure 2 d, e, f, g, and h).  In Puerto Rico, the soil and saprolite 
vary between -0.03‰ and +0.71‰ 98Mo, while the quartz diorite bedrock has a value of -
0.01‰ 98Mo (Table 5 and Figure 2 i). 
Depth profiles of measured bulk soil 98Mo values have complex patterns (Figure 2).  
Maui soils tend to be slightly heavier in near surface horizons and either lighter or near parent 
material values for 98Mo at depth.  The Histosols or Histic Andosols from Iceland are heavy 
relative to parent material in near surface horizons, and even heavier in deeper horizons, while 
less organic matter rich soils have 98Mo values closer to parent material and less variance with 
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depth.  The Puerto Rico regolith profile was enriched in 98Mo down to ~4 m depth, and 
identical to parent material at greater depths. 
 
4.3. Selective extraction of molybdenum from soils 
Selective chemical extractions were performed on the driest and wettest Maui soil 
profiles (Site 0 and Site 6), as well as 4 Iceland soil profiles.  Mass balance was used to evaluate 
the extraction procedure.  On a Mo concentration basis, in 12 of 28 samples, the concentration of 
Mo in the sum of the extractions agreed, within uncertainty (with overlapping error bars), with 
the concentration of Mo in the separately analyzed bulk soil (Electronic Annex Figure 1).  
Isotopic mass balance for the sum of extractions was also calculated, weighting each 98Mo 
value by the proportion of Mo in that fraction relative to the sum.  The isotopic mass balance for 
the sum of extractions agreed within uncertainty with the 98Mo measured on the bulk soil for 23 
out of 27 samples (Electronic Annex Figure 2).  In every sample where the concentration mass 
balance was within uncertainty on the bulk soil (n=12), the isotope mass balance was also within 
uncertainty of the bulk soil.  For 11 additional samples where the concentration mass balance 
indicated some loss of Mo during the extraction procedure, the isotopic mass balance was within 
uncertainty of the bulk soil, which suggests that fractionation artifacts associated with Mo loss 
during the procedure did not affect the measured isotope values. Depth patterns in 98Mo values 
of individual extractions (Electronic Annex Figure 3) are largely consistent when comparing 
horizons for which both the concentration and isotopic mass balance were good, and those where 
the mass balance for the sum of extractions was not within uncertainty of the bulk values.  Only 
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samples where concentration and isotopic mass balance were in good agreement were used for 
interpreting the isotopic signature of particular soil phases. 
Mass-weighted integrated soil profile Mo pools obtained from the extraction steps that 
targeted reducible Fe and Mn oxyhydroxide pools were surprisingly low at the driest Maui site, 
representing 8% for 0.5 M HCl and 15% for NH2OHHCl (Table 5). As expected from the near 
complete loss of Fe and Mn from the system at the anoxic site 6, these pools were even smaller 
at this site (4% of total Mo). H2O2, targeting the oxidizable pool, presumably organic matter, 
extracted 28-49% of the soil Mo at site 0 and 8-32% at site 6.  The results show that most Mo in 
Maui soils is either incorporated within “residue” of these extractions, which includes both soil 
secondary silicate minerals and Ti-oxides, or associated with the targeted organic matter phase, 
and that the relative fraction of Mo associated with the residue is much higher in the reducing 
profile.   
The Icelandic soils were similar to Maui soils in that the Mo pool in the 0.5 M HCl and 
NH2OHHCl extractions is one of the smallest pools, and most of the Mo was in the residue or 
oxidizable fractions. Overall the H2O2 extraction in the Icelandic soils represented nearly half of 
the total soil Mo except for the Vitric Andosol where it was 15-20%. In the Icelandic Histic 
Andosol I (HA I) soil profile, 0.5 M HCl and NH2OHHCl extracted 12-35% and 7-14%, 
respectively, of the total Mo pool, while H2O2 extracted between 39% and 59% of the total Mo 
(Table 5).  There is a general trend in the Icelandic soils, wherein the well drained, low organic 
matter, high  Ca Vitric Andosol has Mo predominantly associated with the residue, and the 
poorly drained, high organic matter, low  Ca Histosol has Mo predominantly in the oxidizable 
fraction (Table 5).  The Haplic Andosol, which is intermediate between those two end-members 
in soil properties, has roughly equal proportions of Mo in oxidizable and residue fractions.  
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Soil 98Mo values of the individual extraction pools show fractionation in Mo isotope 
values from that of the bulk soil (Table 5 and Electronic Annex Figure 3). However, depth trends 
in 98Mo for extractions tend to follow the bulk soil isotope compositions. In the oxic site 0 Maui 
profile, 0.5 M HCl extracted Mo has heavier 98Mo than the parent rock (albeit close to the 
analytical error), whereas in the anoxic site 6 profile, the 0.5 M HCl extraction is 
indistinguishable from the parent rock. The NH2OHHCl extraction did not have enough Mo to 
be analyzed successfully for its isotope composition in either soil.  The 98Mo of the H2O2 
extracted pool in the Maui soils is more complex.  In the site 0  oxic soil profile, surface soil 
H2O2 extracted Mo has 
98
Mo similar to parent rock, but two subsurface horizons have 98Mo 
values that are heavier than the parent rock.  In contrast, in the site 6 anoxic Maui soil profile, 
98Mo of the H2O2 extracted pool is heavier than that of the parent rock at the surface, and lighter 
than that of the parent rock at depth. 
In the Icelandic soils, the 98Mo of the H2O2 extracted pool is usually heavier or similar 
to that of the bulk soil (Table 5 and Electronic Annex Figure 3). The H2O2 extracted “organic 
pool” also usually has a heavier, more fractionated isotope composition compared to the parent 
material value, whereas the extraction residue tends to have a less fractionated isotopic 
composition closer to the parent material 98Mo value. We were not able to analyze the either the 
0.5 M HCl and the hydroxylamine extraction steps for their Mo isotope compositions.  
 
5. Discussion 
5.1. Overview of observed soil 98Mo and Mo mobility 
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Across a soil redox gradient in Maui the net result of open-system soil Mo cycling is the 
retention of light Mo isotopes under reducing soil conditions while less fractionated Mo, relative 
to the parent material, is retained under oxic soil conditions (Table 5 and Figure 2 a,b,and c).  
Thus varying redox-conditions in soils can result in distinct Mo isotope signals. In addition, 
distinct Mo isotope signals appear to be related to overall Mo mobility in soils such that greater 
loss is associated with greater fractionation. Figure 3a illustrates this trend across all Maui bulk 
soil samples, where 98Mo values in soils that have lost the most Mo relative to parent material 
have the lightest 98Mo values, while soils that have lost less Mo, or even gained Mo, have 
heavier 98Mo values than their parent material.  Icelandic soils follow this same general pattern 
(Figures 2 d, e, f, g, and h and 3b). In addition to the general tendency for soil 98Mo values to be 
related to total Mo mobility, our data show that the soil 98Mo values are related to the 
weathering status and organic matter content of the soils. Total reserve in bases (TRB) is the sum 
of soil Ca, Mg, Na, and K content (cmolc kg
-1
), and it reflects a combination of two key 
pedogenic factors, with both increased weathering and increased organic matter content driving 
lower TRB values, through either leaching loss or dilution (Herbillon, 1986). Considering all 
measured individual soil horizons from Maui, Iceland and Puerto Rico together, soils with high 
TRB show little Mo isotopic fractionation, while soils with lower TRB show increasingly large 
fractionation, both heavy and light (Figure 3c). Soils with high TRB show moderate losses of 
Mo, while soils with lower TRB show either gain or loss of Mo depending on organic matter 
content and redox conditions (Figure 3d).  
Overall, the results of our soil 98Mo analyses using samples from monolithologic basalt 
and quartz diorite catchments clearly confirm that Mo isotope fractionation takes place in soils as 
a result of pedogenic processes. We find both heavy and light soil 98Mo values, suggesting that 
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multiple processes act to fractionate Mo in the terrestrial weathering environment.  In the 
following discussion, in section 5.2 we examine controls of Mo mobility in soils, and in section 
5.3 we consider the likely importance and influence of each of the following six factors on Mo 
isotope fractionation: (1) primary mineral dissolution and incongruent weathering, (2) secondary 
clay mineral formation, (3) Fe and Mn oxyhydroxides, (4) soil organic matter and redox, (5) 
biological cycling, and (6) atmospheric inputs. 
 
5.2. Controls on Mo mobility in soils 
Previous work indicated that reductive dissolution of Fe-oxides is the main mechanism 
for Fe loss from the wetter Maui soils (Thompson et al., 2007), and the  values for Fe and Mn of 
these soils clearly show increasing loss from the soil profile with decreasing redox potential, 
resulting in near complete loss of Fe and Mn in the most reducing profile (Figure 1). In contrast, 
 values for Mo indicate only moderate loss with decreasing Eh (up to 41% or 52%, depending 
on whether dust-impacted surface horizons are included (Table 6)).  During soil leaching MoO4
2-
 
is mobile under oxic conditions, but adsorption of Mo to Fe-and Mn-oxyhydroxides is in general 
expected to limit overall loss of Mo from soils (Bibak and Borggard, 1994; Goldberg et al., 
1996; Lang and Kaupenjohann, 1999; Xu et al., 2013).  Therefore, as Fe and Mn oxyhydroxides 
undergo reductive dissolution and removal, we expected that a concomitant decrease in soil Mo 
content would be apparent as Mo sorbed to Fe- and Mn-oxyhydroxide would be released and 
made available for leaching.  Surprisingly, this was not the case.  There is no simple systematic 
correlation in our data between the loss of Fe (or Mn) and Mo. The pool of Mo sorbed to Fe and 
Mn oxides is small relative to total soil Mo for all profiles (Table 5), which partly explains the 
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lack of correlation between Mo and Fe or Mn. Evidently, Mo is retained in the soil by other 
means, and/or leached Mo is replaced by higher atmospheric Mo inputs at the reducing site. 
Similar to Maui soils, the elemental mobility of Mo in Iceland soils is not strongly related 
to that of Fe or Mn.  In the Iceland soils, the individual horizon Mo  values show gains in some 
cases, and somewhat wider variation overall, from -0.6 to +1.6 (Figures 2d, e, f, g, and h) and 
Table 3).  The gains of Mo in the HA and H soils are associated with both higher organic matter 
content and lower  Ca (meaning more weathered soil) (Figure 4a and b).  Our observation of a 
negative correlation of Mo with allophane content indicates that adsorption on allophane is not 
driving Mo retention in these soils (Electronic Annex Figure 4). Instead, the results from the 
histic Iceland soils suggest that high soil organic matter content is implicated in Mo retention.  
Volcanic ash deposition could also add Mo to surface soils, but the Mo/Nb ratio of recent ash is 
similar to the basalt parent material(Moune et al., 2012), and thus would not shift Mo  to 
positive values.  
The overall patterns in Mo  values as well as the larger fractions of Mo in H2O2 
extractions for the soils studied here lend additional support to previous research highlighting the 
importance of organic matter retention of Mo in soil and sediments e.g. (Kabata-Pendais, 2011; 
Glass et al., 2013).  In addition, soil organic matter can not only increase the overall retention of 
Mo in soil, but simultaneously, soil organic matter coatings on Fe oxides can reduce the sorption 
capacity of Fe oxides (Lang and Kaupenjohann, 2003).  Molybdenum has a strong affinity 
specifically for catechol groups in soil organic matter tannin and tannin-like substances, and 
during complexation, Mo is thought to change from tetrahedral to octahedral coordination 
(Wichard et al., 2009).  Retention of Mo in soil by binding to organic matter therefore can not 
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only serve as a major control on overall Mo mobility, but also is a likely candidate for 
fractionation of Mo isotopes in the process (Lang and Kaupenjohann, 2000). 
 
5.3. Controls on Mo isotopes in soils 
5.3.1. Role of primary mineral dissolution and incongruent weathering 
 Mo isotope fractionation associated with differential dissolution rates of minerals, 
yielding heavy dissolved Mo, has been observed for marine sedimentary rocks and in the case of 
disseminated molybdenite and pyrite in igneous and metamorphic rocks (Malinovsky et al., 
2007b; Neubert et al., 2011). Therefore molybdenum isotope fractionation in soils may occur 
through incongruent mineral dissolution alone if sulfides are present. Although it is unknown if 
trace molybdenite and pyrite are present in the basalt and quartz diorite parent rocks studied here, 
our 98Mo soil data contradict such a mechanism for the investigated profiles because Mo 
isotopes are unfractionated in the early stages of weathering (Figures 2 g, h, and deep saprolite in 
Figure 2i).  Sulfide minerals with heavy 98Mo (e.g. Malinovsky et al., 2007b) would dissolve 
rapidly via oxidative dissolution and be highly mobile upon entering an initial weathering 
environment, which has a lower sorption capacity compared to more developed soils.  This 
would leave the remaining soil residue with light 98Mo and create very negative  Mo values 
given the high concentrations of Mo in sulfide minerals. In contrast,  Mo data presented here 
show a range from intermediate losses to gains, and many of the soil samples have heavier 
98Mo than the parent rock. These results indicate that primary mineral dissolution and 
differential weathering between minerals are not a dominant control on the soil Mo isotope 
results reported here. 
  
 27 
 
5.3.2. Role of clay mineral formation 
A further process that could fractionate Mo isotopes in soils is the formation of secondary 
clay minerals, a major factor for other metal stable isotope systems like Li, Mg and Si (e.g. 
Pogge von Strandmann et al., 2012; Opfergelt et al., 2014).  The deep Puerto Rico saprolite and 
Iceland Vitric and Gleyic Andosols represent the least weathered end-member of this study, and 
thus have experienced less pedogenesis and are expected to more closely reflect secondary 
mineral formation.  These samples have high secondary mineral contents, but can also be 
expected to have experienced fewer adsorption-desorption cycles and less atmospheric input 
relative to other soils studied here.  Of the samples from the deepest 3 m of the Puerto Rico 
Saprolite and the Iceland Vitric and Gleyic Andosols, none show evidence of change in their 
98Mo relative to parent material (Figure 2 g, h, and i) although all of them have undergone 
significant mineral dissolution based on  Ca.  Even after near complete loss of primary mineral 
plagioclase, hornblende, and biotite and replacement with secondary mineral kaolinite in the 
Puerto Rico profile (comprising ~75% of deeper saprolite) (Pett-Ridge et al., 2009b), and ~30% 
Mo loss, no bulk soil 98Mo fractionation is observed in the deeper 3 meters (Figure 2 i). 
Therefore, any potential fractionation of Mo isotopes during secondary mineral formation in this 
profile is either masked by an equal and opposite Mo fractionation effect caused by another 
process (which seems improbable) or, more likely, only a tiny amount of Mo is associated with a 
very large amount of clay formation. Regardless, the results again suggest that there is little 
isotope fractionation associated with primary mineral dissolution, and further strongly suggests 
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that any potential 98Mo fractionation associated with secondary clay mineral formation is 
negligible.  
 
5.3.3. Role of Fe and Mn oxyhydroxides 
Iron and Mn oxyhydroxides contribute substantially to the geochemical cycling of Mo in 
the oceans and are one of the major Mo isotope fractionating phases in the marine environment. 
Because of the abundance of these oxides in soils, it is straightforward to assume they play a 
significant role in Mo isotope fractionation in the terrestrial environment. Based on previously 
demonstrated preferential adsorption of light Mo isotopes on Mn and Fe oxyhydroxides in 
laboratory settings (Malinovsky et al., 2007b; Goldberg et al., 2009), it could be hypothesized 
that the lightest bulk soil 98Mo might be evident in the most Fe-oxide rich soils. However, data 
from the Maui redox gradient show the opposite trend, with integrated profile values declining 
from within error of the parent material value at the driest, most Fe-oxide rich site, to -0.33‰ 
98Mo at the wettest, most Fe-oxide poor site (Table 6). In addition, the small fraction of Mo 
associated with Fe and Mn oxides in the oxic soil profiles suggest that their influence on the bulk 
Mo isotope composition of soils may be minor.  The isotope values of bulk soils are therefore 
likely to reflect additional processes beyond light Mo retention on Fe oxyhydroxides.  
 
5.3.4. Role of soil organic matter and redox 
Recent studies have shown that soil organic matter can have a major impact on Mo 
cycling and retention in soils (see summary in Xu et al., 2013 and above). We observe a strong 
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positive correlation between  Mo and % C in the Iceland soils (Figure 4a).   We also observe a 
weaker positive correlation between  Mo and % C in the much more highly weathered Maui 
soils (r
2
=0.13, p=0.009).  98Mo is also positively correlated with % C, becoming heavier with 
increasing % C. In addition, many soils studied here have heavier 98Mo in organic matter 
extractions with respect to the bulk soil (Table 5 and Electronic Annex Figure 3). Preferential 
adsorption and retention of heavy Mo on soil organic matter can explain these observations. Our 
results therefore suggest that adsorption to soil organic matter plays a major role in retaining Mo, 
and specifically heavy Mo, in the investigated soils.    
We observe an exception to the heavy Mo isotope signal associated with organic matter 
in the three deepest horizon organic matter extractions in the anoxic site 6 Maui soil, which have 
lighter Mo than the bulk soil (Table 5 and Electronic Annex Figure 3). The H2O2 extraction 
results may be confounded by the intimate association between organic matter and Fe in basaltic 
soils (e.g. Chorover et al., 2004; Mikutta et al., 2009), or may reflect extensive chemical 
processing in the open-system soil environment over 100s of ka timescales with numerous 
adsorption and desorption cycles. Interestingly, a reducing soil horizon found within the HA 
profile in Iceland (low %C, low oxalate-extractable Fe content) also has a very light Mo isotope 
composition (-0.19‰) compared to the horizons above and below (+0.71‰ and +0.63‰, 
respectively) and is the only subsurface horizon in the HA profile to have experienced moderate 
Mo loss. This agrees with the Maui redox gradient data and suggests a systematic difference in 
the soil retention properties between oxic and anoxic soil environments.  
 
5.3.5. Role of Biology  
  
 30 
It is unknown if plants fractionate Mo isotopes during biological uptake. To our 
knowledge, only a single plant 98Mo value has been published. A root sample which was sieved 
from a topsoil grab sample (-0.33‰) had an isotope composition of  -0.14‰ (Voegelin et al., 
2012), although it is unclear if that soil sample represents the source of Mo for that root. 
Bacterial fractionation of 98Mo values has been observed, with fractionation of between -0.2‰ 
and -1.0‰ in cells relative to the surrounding solution (Liermann et al., 2005; Wasylenki et al., 
2007; Zerkle et al., 2011), but the importance of this mechanism to bulk soil 98Mo values is not 
known.   
In strong contrast to other rock derived nutrients such as Ca and P, the concentration of 
Mo in biomass is small relative to the soil, about 200-fold lower (Bowell and Ansah, 1993; Reed 
et al., 2013), but over long timescales preferential biological uptake of light Mo isotopes could 
drive soil to heavy 98Mo values.  However this shift would require a removal mechanism that 
would prevent the light biological Mo from returning to the soil via litterfall or microbial 
turnover.  If there are Mo isotope fractionation effects during plant cycling, the Maui soils are 
likely old enough to reflect a biological imprint on soil Mo isotope values given less than 100% 
efficient recycling of Mo. Leaves from the dominant tree Metrosideros polymorpha at the Maui 
sites have an average Mo concentration of 69 ng g
-1
 (Electronic Annex Table 2).  Using the 
aboveground net primary productivity of the Maui soil ecosystems of 400 to 1000 g m
-2
 ha
-1
 
(Schuur et al., 2001) and a biomass Mo concentration of 69 ng g
-1
, we calculate that turnover 
time for the soil Mo pool (to 50 cm depth) with respect to plant cycling ranges between 22 ka 
(drier sites) to 52 ka (wetter sites).  If, for example, internal recycling of Mo through biomass 
was 95% efficient with 5% leaching or off-site litter loss per year, the timescale required for 
plants to shift bulk soil 98Mo values at the soil profile scale would increase to ~435 or 1043 ka.  
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The small magnitude of the biological flux relative to the soil pool, together with the fact that 
plant and microbial Mo is likely internally recycled with minimal leaching loss (Wichard et al., 
2009), suggests that the uptake and return of biological Mo as a micronutrient requires long 
timescales to strongly leverage the profile bulk soil 98Mo, although plant fractionated Mo 
isotope values may be more apparent in surface horizons.  
  
5.3.6. Role of additional sources of Mo: Atmospheric Inputs 
As soils develop over time, atmospheric inputs have an increasing influence on soil 
chemical budgets (Kennedy et al., 1998; Porder et al., 2007).  Atmospheric inputs affecting the 
soils studied here include long-range mineral aerosol dust inputs, and sea salt spray incorporated 
into rainfall (Chadwick et al., 2009; Pett-Ridge et al., 2009a; Opfergelt et al., 2014). Local 
volcanic ash may also affect the Maui and Iceland soils, but is not expected to alter 98Mo values 
relative to underlying parent material due to its very similar composition.  
We first consider the possible impact of dust-derived Mo for the Maui soils. Using a dust 
Mo concentration of 1.8 g g-1, based on the average worldwide soil Mo concentration (Kabata-
Pendais, 2011), a 20% quartz content of Hawaiian dust (Kurtz et al., 2001), and the measured 
quartz content of the Maui climate gradient soils (Scribner et al., 2006), we calculate that the 
total % of soil Mo that is dust derived is 14%, 3%, and 9% at sites 0, 2, and 6, respectively.  We 
do not observe a correlation between 98Mo and % soil Mo potentially derived from dust in the 
Maui soils, implying that dust is unlikely to be a primary influence on bulk soil 98Mo values.  In 
contrast, in the Puerto Rico soil and saprolite profile, dust inputs are relatively high due to its 
Caribbean location downwind of the African dust trajectory.  Given a flux of 210 kg ha
-1
 yr
-1
, 
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dust inputs (Pett-Ridge et al., 2009b) to the ~120 ka weathering profile could significantly affect 
the Mo budget and, potentially, its isotope signature. Evidence of dust impact on the Mo isotopes 
is not straightforward, however, as the depth profile of 98Mo does not correlate with the depth 
profile of dust content based on Nd isotopes (Pett-Ridge et al., 2009b).  Long-range dust inputs 
are not expected to strongly influence the Iceland soils given their young age (<10 ka).  
Sea salt-derived Mo may also be added to soil profiles via rainfall but the magnitude and 
relative importance of these fluxes is not known.  A study of Atlantic aerosols found that sea 
salts generated from the ocean surface can serve as a major source for Mo (Chester et al., 1984), 
and we expect this Mo to have the heavy seawater 98Mo value of 2.3‰, which could potentially 
act as a strong influence on soil 98Mo values.  Controls on the concentration of Mo in rainwater 
are not well known, but anthropogenic pollution greatly increases dissolved rainwater Mo 
downwind from areas of fossil fuel combustion or smelting activity, and most published values 
on Mo concentration in rain are for locations downwind from anthropogenic activity (e.g. 
Tsukuda et al., 2005).  In the Oregon Coast Range, which receives largely unpolluted air masses, 
we observe a range of Mo concentrations from 4 to 32 pg ml
-1
 in 17 rainwater samples (Marks, 
2014). For the Maui soils, using Oregon Coast Range rainfall Mo concentrations, adjusted using 
Maui annual rain fluxes, the turnover time for the total profile soil Mo pool relative to the range 
of rainwater Mo inputs is between 17 ka at the wettest site and 688 ka at the driest site. 
In the Icelandic soil HA I, soil porewater Na/Cl ratios are almost identical to that of 
seawater (Pogge von Strandmann et al., 2012), highlighting the potential importance of sea salt 
inputs, which occur both laterally through rainfall-fed groundwater and from the top down. 
Given the average range of measured Cl
-
 concentrations in rainwater collected near this Icelandic 
soil (Gislason et al., 1996), and given the seawater Cl:Mo ratio of 1.9 x 10
6
 and if the sea salt 
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ratio is preserved in precipitation fluxes, Mo in Icelandic rain is likely 1.9 to 9.1 pg ml
-1
.  This 
translates to 0.02 to 0.09 g ha
-1
 yr
-1
 Mo flux from sea salt, assuming 1000 mm yr
-1
 precipitation.  
If we use the upper estimate on a time scale of 10 ka (time since last glaciation) this flux of 900 g 
Mo/ha from sea salt represents approximately 5-9% of the current Mo pool in the Icelandic HA 
and H soil profiles.  Using the seawater 98Mo value of +2.3‰ and based on the current Mo 
content of the soil profile, this input of seawater derived heavy Mo alone could shift the soil 
98Mo value from the bedrock value to +0.18‰ in the HA profile and +0.09‰ in the H profile, 
which could partially account for heavy soil 98Mo values.  The integrated whole profile 98Mo 
we observe in the HA and H profiles is +0.31‰ and +0.38‰ (Table 6).  In addition to the 
vertical influx of sea salt through rain, horizontal flow paths through these low lying soils have 
been proposed as an additional source of rainfall-derived chemistry including heavy 7Li values 
(Pogge von Strandmann et al., 2012).  These calculations suggest that sea salt flux may 
contribute significantly to the observed heavy soil values.  
 
5.3.7 The relative importance of controls on Mo isotopes in soils 
This study presents an initial investigation of a wide number of potential processes 
controlling Mo isotope signatures in the terrestrial weathering environment.  Based on the soils 
investigated here, primary mineral dissolution, incongruent weathering, clay mineral formation, 
and adsorption by Fe and Mn oxy(hydr)oxides play a minor role in soil Mo isotope fractionation.  
It appears that the very low Mo concentrations typically found in plants limit the magnitude of 
potential effects of biological cycling, but direct investigation of this is needed.  
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Our results highlight the importance of soil organic matter, redox conditions, and 
atmospheric inputs (which are often uncharacterized) in controlling soil 98Mo values. Although 
our results point to relatively complex behavior of Mo isotopes in soils, the recognition of this 
complexity, does not change two key observations in terms of Mo isotope fractionation that are  
supported by both the bulk soil and the selective extraction Mo isotope data. First, across a soil 
redox gradient in Maui the net result of open-system soil Mo cycling is the retention of light Mo 
under reducing conditions (Figure 2c and 3a). Secondly, 98Mo values in soils that have lost the 
most Mo relative to parent material have the lightest 98Mo values, while soils that have lost less 
Mo, or even gained Mo, have heavier 98Mo values than their parent material (Figure 3a and 3b).  
 
6.  Implications for global Mo fluxes 
Although not a focus of this paper, the fractionation of Mo isotopes in soils by terrestrial 
weathering raises the question of how soil processes will affect the flux and isotope composition 
of riverine Mo delivered to the oceans over time.  Our results suggest that terrestrial weathering 
may cause the dissolved Mo input flux to the oceans to differ from that of the average 
continental crust (~0.0 to 0.4‰; (Siebert et al., 2003; Greber et al., 2014; Voegelin et al., 2014)), 
an important consideration for the interpretation of the oceanic Mo paleo-proxy.  We employed a 
simplified box model (Siebert et al., 2003) to assess the order of magnitude by which Mo isotope 
fractionation resulting from soil processes would have to change to be theoretically detectable in 
the bulk ocean dissolved Mo isotope signature.  For this model we assumed a steady state 
condition using modern fluxes, including a 1.8 x 10
8
 mol yr
-1 
riverine Mo flux (Archer and 
Vance, 2008), which translates to a 800 ka residence time for dissolved Mo in the ocean.  We 
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find that the minimum scenario resulting in measurable changes in 98Mo of the ocean (i.e. > 
0.3‰ 98Mo ) on 10 ka timescales would include the reduction (or increase) of dissolved Mo 
input to the oceans by ~30% along with a simultaneous change in the 98Mo of the riverine input 
of at least 0.2‰.  We also estimate that the turnover time for soil Mo with respect to the riverine 
dissolved Mo flux is on the order of roughly 20 ka, assuming a 1 m soil depth, soil Mo content of 
1.8 µg g
-1
, soil density of 1.3 g cm
3
, and soil area of 87% of the total land surface. We would like 
to point out that this calculation is only intended to provide a rough timescale (at the order of 10 
ka) over which soil processes may be reflected in the 98Mo of the ocean, and an estimate of 
changes in parameters necessary to produce such a signal. This does not imply that such a signal 
would be necessarily visible in the marine sedimentary record.  
Despite the fact that the timescales on which changes in soil processes will influence the 
marine Mo isotope signal are limited to the order of 10 ka due to the relatively short turnover-
time for Mo in soil, there are scenarios in which changes in the riverine Mo flux and isotope 
composition caused by soil processes could be useful tracers of terrestrial processes. For 
example, glacial-interglacial cycles can alter the relative dominance of chemical and physical 
weathering, and would have associated changes in precipitation and biological productivity that 
could affect degree of soil weathering and soil organic matter content.  On a regional scale, these 
changes can significantly change the riverine input into restricted basins such as the Baltic or 
Black Sea, where there is a high likelihood that the sedimentary record will reflect these changes. 
Previous studies have examined molybdenum and other redox-sensitive elements in these basins 
at glacial-interglacial timescales (e.g. Jilbert and Slomp, 2013; Scholz et al., 2013).   However, 
the soil processes governing Mo isotope fractionation will need to be clarified in order to 
establish meaningful models in these cases. 
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7. Conclusions  
Molybdenum isotope data for soils reflecting a wide range in climate, pH, Eh, %C, and 
degree of weathering on both basalt and quartz diorite parent material clearly demonstrate that 
pedogenic processes fractionate Mo isotopes.  A wide range of both light and heavy 98Mo from 
-0.41‰ to +1.5‰ was found in bulk soil samples. The range of soils studied here gives a broad 
view of some of the key processes involved in controlling Mo mobility and isotope fractionation 
in soils, and the complexity in 98Mo patterns indicates that more than one fractionation 
mechanism is at work.   
Our finding of a consistent pattern across both Maui and Icelandic soils, where soils with 
net loss of Mo have lighter Mo isotope ratios and soils with Mo gains have heavier Mo isotope 
ratios has important implications for the interpretation of Mo isotope data in terrestrial 
environments. Additionally, we find that the Mo gains in soil profiles relative to parent material 
inputs are strongly associated with %C content. These results highlight the importance of Mo 
retention via Mo-organic matter interactions, as has been recently highlighted in both soil, 
lacustrine, and marine sediment environments (McManus et al., 2006; Wichard et al., 2009; Dahl 
et al., 2013). Our results also indicate that atmospheric inputs affect soil Mo, and could 
potentially alter the isotopic signature of bulk soil, especially in older and wetter soils.  Together, 
the observed correlations of Mo retention and isotope fractionation with organic matter (i.e. 
biological cycling), and the influence of redox conditions and atmospheric inputs raise the 
possibility that Mo isotopes in soils could potentially reflect the paleo-productivity and paleo-
climate conditions a soil has experienced.  
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Figure Captions: 
Fig. 1: Mass weighted profile integrated  data for Maui soils across the climate gradient, with 
median Eh values for comparison. Mass weighted profile integrated  data were calculated 
excluding dust impacted surface horizons, marked with* in Table 2. Elemental mass transfer  
values, calculated using Nb as a relatively immobile index element, indicate the amount of loss 
(or gain) of Mo relative to underlying parent material inputs.  
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Fig. 2: Depth profiles of Mo are shown in solid black diamonds, representing the elemental 
mass transfer (gain or loss relative to underlying parent material inputs) of Mo in Maui soils (a, 
b, and c); Iceland soils (d, e, f, g, and h); and Puerto Rico saprolite (i).  Values greater than 0 
indicate gain of Mo, values less than 0 indicate net loss of Mo from the soil.  Depth profiles of 
bulk soil 98Mo are shown in open black diamonds with dashed lines.  Gray bars indicate the 
98Mo ± 2 s.d. of the parent material for each site.  Note the expanded scale used for Iceland and 
Puerto Rico. 
 
Fig. 3: Elemental mass transfer of Mo in the soil ( Mo), versus 98Mo, with gray boxes 
representing the parent material value with 2 s.d. uncertainty and assuming ±10%   uncertainty 
on  Mo for (a) Maui soils, and (b) Iceland soils.  In (c), the bulk soil 98Mo for  all soils in 
Maui, Iceland, and Puerto Rico is shown as a function of total reserve in bases (TRB, cmolc kg
-1
) 
, which reflects weathering status, with lower TRB values indicating more weathered soils.  Gray 
box represents the range of 98Mo ± 2 s.d. for parent material from all three sites.  In (d)  Mo is 
plotted against TRB, with a gray box representing uncertainty on  Mo assuming  ±10% . Error 
bars on data points represent 2s.d. uncertainty on 98Mo values. 
 
Figure 4: For all soils in Maui, Iceland, and Puerto Rico, the relationship between elemental 
mass transfer of Mo (Mo) is plotted against (a) % organic carbon, and (b) elemental mass 
transfer of Ca (Ca).  The Puerto Rico saprolite has extremely low % organic carbon and near 
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complete loss of Ca (a), and the highly weathered Maui soils have essentially complete loss of 
Ca (b). 
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